Aim/hypothesis. We analysed Japanese MODY patients for mutations in the HNF-1α gene. Methods. Fifty unrelated Japanese patients with earlyonset diabetes (diagnosed at 25 years of age or younger) or with a strong family history of diabetes were screened for mutations in the HNF-1α gene. Functional studies of the mutant HNF-1α were carried out. Results. We identified three new mutations in the HNF-1α gene in the families with a strong family history for diabetes. One mutation (L518P519fsTCC→A) was identified in three unrelated families, while the other two mutations (T521I and V617I) were identified in one family. We also identified the A site of the promoter (+102G-to-C), which was reported previously. We examined the functional properties of the mutant HNF-1α. By increasing the amount of L518P519fsTCC→A-HNF-1α, increasing inhibition of the transcription of human transthyretin (TTR) was observed (up to 61% of the control). Increasing amounts of T521I-HNF-1α or V617I-HNF-1α mutant proteins increased TTR promoter transcription up to 4.3-fold and 2.4-fold, respectively, whereas both increased transcription up to 12.4-fold of the control. Conclusion/interpretation. The L518P519fsTCC→A was identified for the first time and this mutation might be a common cause of Japanese MODY3 in Okinawa area. In addition, both the T521I and V617I mutations were present in two patients in the same family. Since the prevalence of these mutations is relatively high (10%, 5/50), the HNF-1α gene needs to be screened for mutations in patients either with earlyonset diabetes or with a strong family history for diabetes. [Diabetologia (2002[Diabetologia ( ) 45:1713[Diabetologia ( -1718 Keywords MODY, HNF-1α, mutation, Japanese, gain-of-function. 
The most commonly-identified cause of MODY in most racial groups is mutations in the HNF-1α gene (MODY3).
HNF-1α is a homeodomain-containing transcription factor which is most highly expressed in the liver, kidneys, intestines, and pancreas. It is composed of three functional domains: an N-terminal dimerization domain (amino acids 1 to 32), a DNA binding domain (amino acids 150 to 280) with POU-like and homeodomain motifs, and a C-terminal transactivation domain (amino acids 281 to 631). Although the function of HNF-1α in the pancreatic beta cell is less clear, it has been reported to have some effects on the in vitro transcription of the rat insulin I gene [2] . It could also regulate the expression of several genes involved in the uptake and metabolism of glucose by the beta cell.
Maturity-onset diabetes of the young is a monogenic form of diabetes mellitus characterised by an autosomal dominant inheritance, early-onset (usually before 25 years of age), and impaired insulin secretion [1] .
The glucose transporter 2 (GLUT2) gene has an HNF-1α binding site in its promoter [3] . The expression of the L-type pyruvate kinase (PKL), which is also present in pancreatic islets and insulinoma cells, is regulated in part by HNF-1α [4, 5, 6] .
We analysed the HNF-1α gene in 50 Japanese patients with early-onset diabetes or with a strong family history for diabetes. We identified three novel mutations in the HNF-1α gene and examined the functional properties of the mutant HNF-1α.
Materials and methods
Subjects and screening of HNF-1α gene. We studied 50 unrelated Japanese patients with early-onset diabetes (diagnosed at 25 years of age or younger) or with a strong family history of diabetes. We enrolled 100 non-diabetic subjects without a family history for diabetes (>60 years of age). Nondiabetic subjects were confirmed to have fasting plasma glucose concentrations of less than 6.1 mmol/l and HbA 1c of less than 5.8% [7] . Informed consent was obtained from all subjects. The study was approved by the Ethics Committee of University of the Ryukyus School of Medicine and was carried out in accordance with the Declaration of Helsinki as revised in 2000. The 10 exons, flanking introns, and minimal promoter region were screened for mutations by polymerase chain reaction (PCR) amplification and direct sequencing of the PCR products as described previously [8] .
Preparation of DNA constructs and functional study of the mutant HNF-1α gene. Human HNF-1α complementary DNA (cDNA) cloned in the pcDNA3.1/HisC expression vector was provided by Dr. K. Yamagata (Osaka University School of Medicine, Osaka, Japan). A 251bp fragment of the human transthyretin (TTR) gene promoter (-218 to +33 relative to the cap site) was subcloned into the SmaI site of pGL3 basic luciferase reporter plasmid (Promega, Madison, Wiss., USA) provided by Dr. K. Yamagata. Mutagenesis was done by using the Quick Change Site-Directed Kit (Stratagene, La Jolla, Calif., USA) with Pfu polymerase and the restriction enzyme Dpn I to generate mutant cDNAs.
Transactivation activity. COS-7 cells were maintained in DMEM supplemented with 10% fetal bovine serum. The reporter plasmid (TTR-pGL3) was cotransfected with wild type (WT)-HNF-1α-pcDNA3.1/HisC, mutant-HNF-1α-pcDNA3.1/ HisC and pcDNA3.1/HisC vector into COS-7 cells (8×10 4 per well in 24-well tissue culture dishes) using Effectene transfection reagent (QIAGEN, Hilden, Germany). The cells were cultured for 48 h, and the transient luciferase activity was measured. The transfection efficiencies were normalised using Renilla luciferase activity cotransfected in each experiment.
Statistical analysis.
Results are expressed as the mean ± SD. The data from the luciferase reporter assays were analysed by Student's t test. A p value less than 0.05 was considered statistically significant.
Results
Identification of three novel mutations. We identified a novel frameshift mutation that results from the simultaneous insertion of an adenine base and the deletion of a triplet TCC with a net 2 bp deletion (L518P519fsTCC→A), and two novel missense mutations, T521I and V617I. The frameshift mutation was predicted to cause premature termination at codon 548. We also identified a conserved G to C replacement in the A site of the promoter (designated as +102G-to-C, relative to the transcription start site) which was reported previously [9] . None of these three mutations were found in the 100 control nondiabetic subjects.
Clinical profiles of subjects with mutation. The L518P519fsTCC→A mutation was found in three unrelated families in this study. The clinical features of the six subjects with the L518P519fsTCC→A mutation are shown in Table 1 .
In family A the proband is a 20-year-old man who was diagnosed with insulin-dependent diabetes (IDDM) at 1 year of age and was treated with insulin. There were no antibodies to glutamic acid decarboxylase (GAD 65 ) in his stored serum. He had proliferative retinopathy and nephropathy and underwent a kidney transplantation at 16 years of age. The L518P519fsTCC→A mutation was found in his mother and his younger brother (Fig. 1A) . His mother had overt diabetes with postprandial hyperinsulinaemia (fasting IRI, 36 pmol/l; 30 min IRI, 631 pmol/l) as measured during a 75 g OGTT. His brother had a normal glucose tolerance test with a normal insulin secretory response (fasting IRI, 66 pmol/l; 30 min IRI, 323 pmol/l) at the time of examination (Table 1) . In family B the proband is a 29-year-old woman. She was diagnosed with diabetes at 13 years of age and was treated with an oral hypoglycaemic agent (OHA). Her stored serum was negative for anti-GAD 65 . When she was pregnant at 18 years of age she started insulin therapy. Her BMI was 19.0 kg/m 2 at the onset of diabetes and was therefore initially diagnosed as having a slowly-progressive insulin-dependent diabetes mellitus (SPIDDM) [10] . Her daughter was diagnosed with diabetes mellitus with ketoacidosis at 10 years of age. Her BMI was 20.9 kg/m 2 at the onset of the diabetes. She was treated with OHA at 6 months after diagnosis. The L518P519fsTCC→A mutation was also identified in the proband's daughter. Her aunts, uncle and younger brother all had diabetes mellitus but blood samples were not available for the genotyping of the HNF-1α gene (Fig. 1B) .
In family C the proband, carrying the mutation L518P519fsTCC→′ is a 59-year-old man diagnosed as having diabetes at 38 years of age and was treated with diet. His serum was negative for the anti-GAD 65 antibody. OHA treatment was started 16 years after the initial diagnosis. His present HbA 1c is 6.0%, about 6.5% on OHA treatment. His mother, brother, aunt, and cousin had diabetes, but their DNA was not available for the genotyping of the HNF-1α genes (Fig. 1C) .
In the proband, carrying T521I and V617I mutations, is a 58-year-old man. He was diagnosed as having diabetes at 20 years of age and was treated with OHA. His serum was negative for the anti-GAD 65 antibody. Insulin treatment was started 20 years after the initial diagnosis. His mother had diabetes and was found to have the same two missense mutations (Family D, Fig. 1D ).
In family E the proband is a 24-year-old woman diagnosed with Type I (insulin-dependent) diabetes mellitus at 8 years of age and was treated with insulin. Her serum was positive for the anti-GAD 65 antibody. Her father had overt diabetes and the identical mutation was found. Her mother was also diagnosed as having Type II diabetes and was treated with OHA but her DNA was not available for the genotyping of the HNF-1α gene. The siblings of the proband were not available for the measurement of plasma glucose, HbA 1c , or DNA examination (Family E, Fig. 1E ).
Functional analysis of the mutant HNF-1α gene.
The transactivation activity of L518P519fsTCC→A was 4% of that of WT in the COS-7 cell (Fig. 2A) . Increasing amounts of mutated-HNF-1α inhibited up to 61% of the control luciferase activity of a reporter TTR-pGL3 plasmid in a dose-dependant manner (Fig. 3A) , suggesting that L518P519fsTCC→A functions in a dominant negative manner.
The transactivation activities of T521I, V617I, and both were 47%, 63%, and 30% of that of WT in COS-7 cell, respectively (Fig. 2B) . Increasing amounts of T521I-HNF-1α (Fig. 3B) , V617I-HNF-1α (Fig. 3C) , and both (Fig. 3D ) mutants, increased up to 4.3-fold, 2.4-fold, and 12.4-fold of the control luciferase activity of a reporter TTR-pGL3 plasmid, respectively.
We also investigated functional studies of these mutants in INS1 cells. The results were almost similar with those of COS-7 cells.
Discussion
In the present study, we identified four different mutations in the HNF-1α gene in five cases out of 50 Japanese patients with early-onset diabetes or with a strong family history of diabetes. The overall prevalence of the HNF-1α gene mutation was 10% in our study in the Okinawa area.
We identified a +102G-to-C mutation, which has been reported previously [9] . This mutation was found in a diabetic patient, who was diagnosed as having diabetes at 8 years of age and was anti-GAD-positive. Patients with anti-beta cell antibodies are characterised by a younger age at diagnosis, a lower body weight, and a higher prevalence of insulin treatment than antibody-negative patients within identical MODY3 families [11] . We also identified a novel L518P519fsTCC→A mutation in three unrelated families. The P291fsinsC mutation is the most common cause of MODY3 in Caucasian subjects [12, 13, 14] . In 60 MODY probands, eight (13%) had the P291fsinsC mutation [14] . The L518P519fsTCC→A mutation might be a common cause of Japanese MODY3 (6%) in the Okinawa area. The presence of two mutations in the HNF-1α gene in one patient has not been reported so far. However, we identified the T521I and V617I-HNF-1α mutations both present in two related subjects.
Concerning the functional properties of these mutations, the promoter activity of the +102G-to-C construct was increased by 40% and 80% compared with that of a WT-promoter construct in HepG2 and MIN6 cell, respectively [9] . The authors discussed that the +102G-to-C mutation possibly leads to increased promoter activity and thus might lead to higher than normal concentrations of HNF-1α protein and activity [9] .
The functional studies indicate that the L518P519fsTCC→A mutation has decreased transactivation activity and acts on HNF-1α in a dominant negative manner. However, functional studies of T521I and V617I mutations under the coexistence of wild type HNF-1α showed rather unexpected results, suggesting gain-of-function mutants. The R203C mutation in the HNF-1α gene has been reported [15] . The functional analysis of the R203C mutation showed that the mutant alone increased the transactivation of the GLUT2 promoter, whereas the coexistence of the wild type HNF-1α and the mutant inhibited transactivation [15] . Therefore we think that it is possible to get these unexpected results by unknown mechanisms.
It has been known that loss-of-function and gainof-function mutations in the same gene have different pathologic effects. For example, gain-of-function ret is caused by gene rearrangements in thyroid papillary carcinomas and by point mutations in multiple endocrine neoplasia (MEN) in type IIA (MEN IIA), in familial medullary thyroid carcinoma, and in MEN IIB [16] . Conversely, Hirschsprung's disease, frequently accompanied with MEN IIB, is associated with lossof-function of ret [16] . Thus, the T521I and V617I mutations could be similar to the +102G-to-C in the promoter region, in which the mutations are expected to result in an overall increase in HNF-1α activity. As far as the HNF-1α gene is concerned, both loss- of-function and gain-of-function mutants seem to be associated with diabetes. Recently, over-expression of HNF-1α was found to negatively regulate the expression of the HNF-4-dependent gene lacking HNF-1α binding sites in their promoter region [17] . We think it is possible that gain-of-function mutants of HNF-1α also affect HNF-4 dependent gene expression. Functional changes by mutations in the HNF-4α gene are known to cause MODY1 [18] . The repression of HNF-4 dependent genes by gain-of-function of HNF-1α could therefore be one of the possible explanations for diabetes in our subjects with T521I and V617I mutations. Another possible explanation might be the inhibition of insulin promoter factor 1 (IPF-1) dependent insulin gene expression as a negative regulator by HNF-1α [19] . In contrast, HNF-1α might act as essential positive regulators for the high-level transcription of the human HNF-4α [20] . Therefore, it is possible that the increase in HNF-1α activity can disrupt the interrelation between HNF-1α and HNF-4α, and could eventually inhibit IPF-1 activity. Thus both increased and decreased activity of HNF1α could have pathophysiologic consequences on normal betacell function by altering the expression of target genes in beta cells [9, 21] . However exact mechanisms by which the T521I and V617I mutations of the HNF-1α gene lead to the development of diabetes mellitus should be clarified in the future.
A great phenotypic variability (age at diagnosis, insulin secretion and therapy) was observed both within family members and between different families with the same (L518P519fsTCC→A, the A site of the HNF-1α promoter +102-to-C) mutation, suggesting that other factors contribute to the phenotype. These factors include environmental influences and genetic modifiers (such as insulin resistance or dyslipidaemia) [22] . When HNF-1α function is suppressed in the beta cells of transgenic mice, males with mutant protein become overtly diabetic within 6 weeks of age, whereas females just show impaired glucose tolerance [23] . The hormonal profile of the females probably explains this protection from diabetes [24, 25] . It is also possible that additional mutations in other genes could contribute to phenotypic variability.
In conclusion, we identified one known and three novel HNF-1α mutations in Japanese patients with early-onset diabetes or with a strong family history for diabetes. The overall prevalence rate in the HNF-1α gene mutation was 10% in the Okinawa area. The L518P519fsTCC→A mutation showed reduced transcription activation in an in vitro functional assay, whereas both the T521I and V617I mutations had increased transcription. Six subjects in three unrelated families were identified with the same L518P519fsTCC→A mutation, but their clinical features (age at diagnosis, insulin secretion, and therapy) showed a great variability. Both the T521I and V617I mutations were identified in two related diabetic patients. Precise mechanisms by which these mutations could lead to diabetes mellitus need to be investigated further. Since the prevalence of these mutations is relatively high, the HNF-1α gene needs to be screened for mutations in patients either with early-onset diabetes or with a strong family history for diabetes irrespective of the presence of anti-GAD 65 antibody.
